are morphologically identical but differ physiologically in a number of respects (reviewed in reference 7). For example, cells of opposite mating type agglutinate strongly with each other (4, 22, 25) . S. cerevisiae, unlike S. pombe and H. wingei, produces diffusible mating type-specific pheromones which act on cells of opposite mating type (2, 7, 8, 15, 16, 26) . The pheromone produced by a cells, a-factor, is an oligopeptide which exists in two forms, one with 12 L-amino acids and the other with 13 (24; see also reference 6). The factor produced by a cells, a-factor, has not been characterized as extensively, but appears to have a polypeptide component since its activity is lost upon treatment with trypsin (2, 26) . These fac tors cause cells of opposite mating type to arrest as unbudded cells, in the Gl phase of the cell cycle, just before the initiation of DNA synthesis (2, 3, 12, 26) . a/a cells, which mate with neither mating type, do not produce or respond to the factors. Because pheromone production and response is correlated with mating ability, it has been suggested that the mating factors are involved in the mating process (8) . This correlation is extended by the observations that some nonmating mutants do not produce the mating factors (17) and that mutants selected as resistant to a-factor are defective in mating (19; L. Hartwell, personal communication). Since mating occurs between unbudded cells (11) and not when cells are arrested at other stages of the cell cycle (21) , and since a-and a-factors induce Gl arrest, these factors may facilitate mating by synchronizing cell cycles prior to cell and nuclear fusion. Although the above observations ar consistent with the factors being essential for mating, critical evidence-for example, existence of 146 nonmating mutants whose defect is correctable by addition of factors-is lacking (18) .
To assess the generality of the existence of mating pheromones and to learn more about the role of mating pheromones in the mating process, we have begun a survey of ascomycetes other than S. cerevisiae for those which produce mating pheromones. In this paper we report our analysis of the heterothallic yeast, S. kluyveri, isolated from nature by Phaff et al. (20) . Mating type specificity of this yeast is similar to that of S. cerevisiae in that hybrids formed between cells of complementary mating type mate with neither haploid type and readily sporulate when placed on acetate medium to produce fourspored asci with two spores of each mating type (1, 25) .
Here we present evidence that S. kluyveri produces factors analogous to those of S. cerevisiae and that the a-factors from S. kluyveri and S. cerevisiae act on a cells of both yeasts. In addition, we present evidence for the existence of another factor secreted by S. cerevisiae a cells which may cause Gl arrest of S. kluyveri a cells or potentiate a-factor activity specifically against S. kluyveri a cells. Finally, we describe our unsuccessful attempts to produce hybrids between S. kluyveri and S. cerevisiae and discuss the use of pheromone response to assess relatedness of different yeasts.
MATERIALS AND METHODS
Strains. Strains are described in Table 1 . X2180-G2c (a mating type) and X2180-lb (a mating type) are isogenic strains obtained in separate meioses from X2180, a diploid which arose spontaneously from a haploid strain (2; V. MacKay, personal communication).
Media. YEPD, SD (minimal medium), and nutritional supplements have been described previously (13) . Other recipes are from Sherman et Purification of a-factor. The first step in the purification procedure is a modification (suggested by V. MacKay) of the first step used by Duntze et al. (9) . a-c-Factor from supernatant fluids of cultures of a-c 138, 1979 strain X2180-lb or a-k strain 288 was bound to the weakly acidic cation exchange resin Bio Rex 70 (BioRad Laboratories, Richmond, Calif.). The column was washed with 1:1 ethanol-water, followed by a wash with 0.5 M pyridine acetate buffer (pH 4.0). a-Factor was eluted with 3.5 M pyridine acetate buffer (pH 5.5). This eluate is preparation 1. a-c-Factor was further purified as follows: preparation 1 was lyophilized and redissolved in PA buffer (0.05 M pyridine acetate buffer, pH 2.4), and put on a 1-by 30-cm column of S.P. Sephadex C-25 (Sigma) which had previously been equilibrated with PA buffer. The column was sequentially washed with 100 ml of PA buffer and 100 ml of 0.28 M pyridine acetate buffer (pH 3.65). aFactor was eluted with 100 ml of 0.5 M pyridine acetate buffer (pH 3.75). This material was lyophilized and suspended in 9:1 methanol-water, and insoluble material was removed by centrifugation. The supernatant was filtered through a Sephadex-LH20 (Sigma) column which had been equilibrated with 90% methanol. Ninety-two percent of the total activity was recovered. In agreement with the results of Duntze et al. (9), two peaks of a-factor activity eluted from the column. Only a-factor from the second peak (approximately 88% of total activity) was used in these studies and is referred to as preparation 2.
Assay of a-factor activity: (i) agar assay. A semiquantitative determination of a-factor activity was made using the serial dilution well assay on 4% YEPD agar slabs as described by Duntze et al. (9) .
(ii) Liquid culture assay. Cells of a mating type were grown in citrate-buffered YEPD medium to exponential phase at 30°C. a-Factor was then added to the exponentially growing cells, and aliquots were removed from the cultures at various times. These aliquots were stored in 10% formaldehyde at 4°C until counted. Cell number was determined using a PetroffHauser counter after brief sonic disruption of the aliquots. RESULTS S. kluyveri mating factor analogous to S. cereviskae a-factor. The presence of an activity analogous to S. cerevisiae a-factor activity was detected in the cell-free supernatant from a culture of S. kluyveri strain 288 grown to stationary phase. A partially purified preparation of this activity was obtained from culture fluid by ionexchange chromatography on Bio Rex 70 as described in Materials and Methods. This partially purified preparation caused transient arrest of exponentially growing S. kluyveri strain 287 cells as unbudded cells ( Fig. 1 and Fig. 2B ). The arrested cells apparently continued to synthesize protein, since they became enlarged and elongated into the "shmoo" form characteristic of S. cerevisiae a cells ("a-c cells") treated with S. cerevisiae a-factor ("a-c-factor") ( Fig. 2A) . The morphology of strain 287 cells in the absence of the strain 288 culture fluid preparation is shown in Fig. 2D . (The following abbreviations are used throughout this work: S. cerevisiae and S. kluyveri a and a mating types-a-c, a-c, a-k, and a-k, respectively; S. cerevisiae and S. kluyveri a-factor and a-factor-a-c-factor, a-c-factor, a-k-factor, a-k-factor, respectively.)
The length of the arrest period is proportional to the logarithm of the concentration of S. kluyveri material added (Fig. 1, inset) . At the end of the arrest period, the strain 287 cells resumed budding at the same rate as the untreated controls. This response is identical to that obtained when a-c cells are treated with a-c factor (3, 5) . The activity in the partially purified preparation acted specifically on cells of strain 287; strain 288 and hybrids formed between strains 287 and 288 were unaffected (Fig. 3) . Because of these similarities to the a-factor of S. cerevisiae, we propose that the activity observed in culture fluids of strain 288 is due to production of a S. kluyveri a-factor (a-k-factor). By analogy with S. cerevisiae, we denote strain 288 as having a mating type (a-k) and strain 287 as having a mating type (a-k). Additional justification for these assignments is provided below.
Species specificity of a-k-factor. S. cerevisiae a strain X2180-G2c was unaffected by a concentration of a-k-factor which was capable of arresting S. kluyveri a cells (Fig. 4) . At higher concentrations of a-k factor (25 times greater than required for response by a-k cells), X2180-G2c cells became arrested as unbudded cells and, after 90 min, elongated into the shmoo form characteristic of response to a-c-factor. S. cerevisiae a cells and a/a diploids did not respond (data not shown). The differential response of ak and a-c cells to a-k-factor could also be seen by placing less than 25 units of a-k-factor in a well surrounded by a-k and a-c cells, in which case only the a-k cells responded (Fig. 4, inset) . In summary, a-k-factor affected a strains of both species but was more effective against a-k strain 287 than a-c strain X2180-G2c.
Species specificity of a-c-factor: (i) assay on agar. S. kluyveri a cells were arrested and exhibited morphological changes in response to a-c-factor when assayed on agar (Fig. 2C ). To evoke a response from a-k cells, the a-c-factor had to be concentrated fourfold over the most dilute preparation eliciting a response from X2180-G2c. Thus, both a-k and a-c cells responded to a-c-factor, but, by this assay, a-k strain 287 cells were fourfold less sensitive than cells of a-c strain X2180-G2c.
(ii) Assay in liquid. Figure 5A both strains responded to a-c-factor in a qualitatively similar fashion. Surprisingly, it was observed that more than eight times as much a-cfactor was required to arrest a-c cells for 2 h as was required to arrest a-k cells for the same length of time (see legend to Fig. 5 ). S. kluyveri a cells thus appear to be more sensitive to a-cfactor than S. cerevisiae a cells when assayed by this method. These results contrast with the results obtained using the well assay in which ak cells appeared less sensitive to a-c-factor than a-c cells.
Detection of S. cerevisiae factor which affects S. kluyveri. One explanation for the disagreement between the two assay methods is that the partially purified a-c-factor preparation (preparation 1) contains an additional factor. This factor may act specifically on a-k cells either by itself or in concert with a-c-factor to cause Gl arrest. Alternatively, this factor may act specifically on a-c cells and be an inhibitor of response to a-c-factor. Such a factor would have to be too large to diffuse through 4% agar to account for failure to observe its activity in the well assay. This hypothesis was tested by further purifying a-c-factor (see Materials and Methods) and determining the relative effectiveness of this preparation (preparation 2) against a-k and a-c cells in liquid culture. The results shown in Fig. 5 support the hypothesis of an additional factor. Although a-k cells are about sixfold more sensitive than a-c cells to preparation 1 (Fig. 5A) , a-k and a-c cells are equally sensitive to the more purified a-c-factor preparation 2 (Fig. 5B) . Thus, the additional purification has removed something which either increases response by a-k cells or inhibits response of a-c cells to a-c-factor.
To distinguish between these possibilities, the following experiment was performed. The two preparations of a-c-factor were diluted to the same activity as determined by well assays against a-c cells. These preparations had a similar effect on a-c cells when assayed by the liquid method (Fig. 50) . In contrast, preparation 1 had much greater activity than the more purified preparation 2 when assayed against S. kluyveri a cells (Fig. 5D) 5 ,l of partially purified (preparation 1) a-c-factor or a-k-factor concentrated 100-fold from a culture fluids. The photographs were taken 4 Mating type specificity of response to a-kfactor. Partially purified a-k-factor (as in Fig. 1 ) was added at t = 0 to cultures growing exponentially at 30°C in YEPD at a concentration of5 ,l/ml. Symbols: 0, 288 (a-k); A, 289 (a-k/a-k); 0, 287 (a-k).
that the factor acts specifically on a-k cells, perhaps as a positive effector of a-c-factor or as an independent Gl arrest factor.
Although, as shown above, further purification of the a-c-factor preparation leads to some loss of activity against a-k cells relative to a-c cells, preparation 2 is at least as active on a-k cells as on a-c cells. This result contrasts with the agar assay, in which a-k cells are less sensitive than a-c cells to a-c-factor. One explanation for this disparity is that the factor which enhances a-k response to a-c-factor (whose action is not seen in the agar assay) has not been completely removed from preparation 2. S. kluyveri a cells have mating-specific functions analogous to S. cerevisiae a-factor and Bar: (i) a-factor. An activity (a-kfactor) analogous to S. cerevisiae a-factor was detected using a confrontation assay. A dense streak of S. kluyveri a strain 287 was placed on an agar slab and incubated at 300C for 24 h. a-k Cells (strain 288), placed close to the streak of a-k cells by micromanipulation, became arrested as unbudded cells and elongated to the form characteristic of a-c cells exposed to a-c factor (Fig. 6) . transferred to minimal medium agar (SD), and the plates were incubated for several days at md a-k-factor are species spe-300C. In none of the mnixtures, a-k with a-c, a-k a cells were unaffected when with a-c, a-k with a-c, or a-k with a-c, were S. kluyveri a cell streak, and prototrophic diploids observed. To test the poswere unaffected when placed sibility that mating did not occur only because visiae a cell streak (data not of differences between these yeasts' mating ross-reactions similar to those pheromones, all four strains were allowed to factors are observed at higher grow on the same rich plate or in the same rich the a-factors has not been liquid culture before selection on minimal medium. In neither case were prototrophic diploids es with K ierplAiin haw7a obtained. neither produce nor respond to these pheromones.
(ii) The pheromones cause sensitive cells to arrest as unbudded cells in the Gl phase of the cell cycle and to undergo a characteristic morphological change.
(iii) Arrest by a-k-factor is reversible. After a period of arrest dependent on the concentration of a-k-factor added, a-k cells resume growth at the same rate as in the absence of a-k-factor. It is not yet known whether a-k-factor activity is absent from the medium of these cultures, as is the case for cultures of a-c cells which have recovered from arrest by a-c-factor (5).
(iv) The response by cells of one mating type to the pheromone produced by cells of the opposite mating type is not symmetrical; in confrontation assays, a cells exhibit a greater response (a higher fraction of cells which remain arrested for a longer period of time) to a cells than a cells exhibit when confronted with a dense streak of a cells. Whether this difference is due to differences in the pheromones per se (e.g., in the diffusibility, specific activity, stability, or amount of the pheromone) or in response to the pheromones is not known.
(v) a-Factor is produced constitutively by ak and a-c cells: pure cultures of a cells contain a-factor activity.
(vi) a-k Cells but not a-k/a-k cells have the Bar' phenotype, i.e., they act as a barrier to ak-factor in confrontation tests.
The a-factors of S. kluyveri and S. cerevisiae elicit a response in the a cells of both species. The response to a-factor appears to be species specific, however, since higher concentrations of a-k-factor are required to observe a response by a-c cells than by a-k cells. Similarly, higher concentrations of a-c-factor are required for response by a-k cells than by a-c cells. vation that a-k-factor is less soluble in methanol than a-c-factor (unpublished observations) indicates that the two factors differ from each other. The species specificity of a-factor response thus may be due at least in part to a difference in a-factor itself.
No cross-reactivity of a-factor activities has been observed, but higher concentrations of afactor have not yet been tested. The observation that a-k cells act as a partial barrier to a-c-factor provides a further indication that a-c-factor can act on a-k cells. The inability of a-c cells to act as a barrier to a-k-factor may be another reflection of the relatively greater response by a-k cells to a-c-factor than by a-c cells to a-k-factor.
The response of S. kluyveri a cells to a-cfactor depends on the method used to assay response and the source of a-c-factor. Using a partially purified preparation of a-c-factor, a-k cells were fourfold less sensitive than a-c cells when assayed on agar, but at least eightfold more sensitive than a-c cells when assayed in liquid. Further purification resulted in an a-cfactor preparation to which a-k cells were less sensitive than a-c cells by both methods of assay.
We propose that the differences in assay methods and a-c-factor preparations are due to a factor present in crude a-c-factor preparations which diffuses poorly in 4% agar. This factor, which we call KRE ("kluyveri response enhancer"), is mating type and species specific; that is, it acts only on S. kluyveri a cells, and not on S. kluyveri a or a/a cells or on S. cerevisiae a or a cells. The observation that KRE action is mating type specific is evidence that it is not a growth inhibitor acting specifically on S. kluyveri cells. KRE does not appear to be an inhibitor of a-c-factor activity against a-c cells because removal of KRE from a-c-factor preparations reduces a-factor activity specifically against a-k cells and not a-c cells. The action and specificity of KRE may be explained by the following hypotheses. (i) KRE may act on both S. kluyveri and S. cerevisiae cells but is rapidly degraded by S. cerevisiae cells. (ii) KRE may be an altered form of a-c-factor, for example, a precursor, to which only S. kluyveri cells are sensitive. (iii) KRE may itself cause Gl arrest of a-k cells or may potentiate a-c-factor activity against a-k cells. These possibilities are under investigation.
We have been unable to isolate hybrids between S. kluyveri and S. cerevisiae, even though selective methods were used which should have detected hybridization at a frequency of 10-1o. This result indicates that the level of response between the pheromone systems is not sufficient for mating. Whether failure to observe mating is due to differences in the pheromone systems or, for example, in the cell surfaces (as indicated by the failure to observe agglutination) is not known. The observations of Barker and Miller (1) on hybridization between isolates of an S.
kluyveri-like species from the Pacific Coast and S. cerevisiae or S. kluyveri are interesting in light of our results. The Pacific Coast isolates, which differ from S. kluyveri in carrying a dominant gene for cellobiose utilization, agglutinate and mate readily with S. kluyveri to produce diploids capable of sporulation. The Pacific Coast isolates also mate with S. cerevisiae strains, although agglutination was not evident in any combination of mating types of the two yeasts. These hybrids sporulate inefficiently, giving rise to "a few unhealthy appearing asci and spores". The fact that the Pacific Coast S.
kluyveri-like isolates mate with both S. cerevisiae and S. kluyveri, but that S. cerevisiae and S. kluyveri do not mate, indicates that the Pacific Coast isolate is more closely related to S. cerevisiae than is the S. kluyveri strain used in our work. It shall be interesting to determine the reactions ofthese three yeasts to each other's pheromones.
In conclusion, we have observed that S. kluyveri has a pheromone system analogous to that of S. cerevisiae. Although the a-factors of both yeasts act on a cells of both types of yeast, hybridization does not occur. We suggest that assaying response of one yeast to the pheromones of another may be generally useful in determining the relatedness of yeasts which do not hybridize.
